Chronic cocaine use in humans and animal models is known to lead to pronounced alterations in glutamatergic function in brain regions associated with reinforcement. Previous studies have examined ionotropic glutamate receptor (iGluR) subunit protein level changes following acute and chronic experimenter-administered cocaine or after withdrawal periods from experimenteradministered cocaine. To evaluate whether alterations in expression of iGluRs are associated with cocaine reinforcement, protein levels were assessed after binge (8 h/day, 15 days; 24-h access, days 16-21) cocaine self-administration and following 2 weeks of abstinence from this binge. Western blotting was used to compare levels of iGluR protein expression (NR1-3B, GluR1-7, KA2) in the ventral tegmental area (VTA), substantia nigra (SN), nucleus accumbens (NAc), striatum and prefrontal cortex (PFC) of rats. iGluR subunits were altered in a time-dependent manner in all brain regions studied; however, selective alterations in certain iGluR subtypes appeared to be associated with binge cocaine self-administration and withdrawal in a regionspecific manner. In the SN and VTA, alterations in iGluR protein levels compared with controls occurred only following binge access, whereas in the striatum and PFC, iGluR alterations occurred with binge access and following withdrawal. In the NAc, GluR2/3 levels were increased following withdrawal compared with binge access, and were the only changes observed in this region. Because subunit composition determines the functional properties of iGluRs, the observed changes may indicate alterations in the excitability of dopamine transmission underlying longterm biochemical and behavioral effects of cocaine.
been an area of investigation. Previously described neuroadaptations induced by chronic cocaine administration include a generalized up-regulation of the cyclic AMP pathway (Nestler et al. 1990; Terwilliger et al. 1991; Striplin and Kalivas 1992; Miserendino and Nestler 1995; Carlezon et al. 1998; Pliakas et al. 2001) , activation of members of the activator protein 1 family (Hope et al. 1992; Nye et al. 1995; Hiroi et al. 1997; Pich et al. 1997; Haile et al. 2001) , and other potential transcriptional regulators (Freeman et al. 2001 ).
More recent evidence indicates involvement of glutamate transmission in the ventral tegmental area (VTA) and nucleus accumbens (NAc) in the mediation of the behavioral and neurochemical effects of cocaine, as well as the neuroadaptations induced by chronic cocaine administration. Previous studies have shown that repeated cocaine administration increases extracellular glutamate concentrations in the NAc and VTA (Pierce et al. 1996; Reid et al. 1997; Kalivas and Duffy 1998) and produces behavioral sensitization (Pierce et al. 1996) . This results in an increased responsivity of glutamate receptors to stimulation in the NAc and VTA (White et al. 1995; Zhang et al. 1997) with as little as one exposure to cocaine (Ungless et al. 2001) . Increased -amino-3-hydroxy-5-methylisoxazole-4propionate(AMPA) and NMDA receptor expression in the VTA has been proposed as a possible mechanism for increased excitability of mesocorticolimbic dopamine neurons and behavioral sensitization to cocaine (White et al. 1995; Zhang et al. 1997) . Indeed, glutamine receptor (GluR)1, GluR2/3 and NMDA receptor (NR)1 protein levels are increased in the VTA following chronic cocaine administration (Fitzgerald et al. 1996; Churchill et al. 1999; Loftis and Janowsky 2000b; Lu et al. 2002) , which return to control levels following withdrawal (Churchill et al. 1999; Lu et al. 2002) . Further evidence for regulation of glutamatergic transmission is provided by the recent observation of significant increases in the mRNA and protein levels of NR1, GluR2, GluR5 and kainate receptor (KA)2 in the VTA, but not substantia nigra (SN), of cocaine overdose victims (Tang et al. 2003) .
The ionotropic glutamate receptors (iGluRs) are classified as NMDA (NR1, NR2A-D, NR3), AMPA (GluR1-4) and kainate (GluR5-7, KA1-2) receptor subunits, based on their pharmacological characteristics and sequence information (Hollmann and Heinemann 1994; Borges and Dingledine 2002) . Whereas AMPA and kainate subunits contribute to fast neurotransmission, all three ionotropic subtypes are thought to play roles in long-term potentiation (Bortolotto et al. 1999; Ungless et al. 2001) . As subunit composition determines the functional properties of iGluRs (Borges and Dingledine 2002) , alterations in these receptors in the VTA may indicate alterations in the excitability of dopamine transmission underlying long-term biochemical and behavioral effects of cocaine which, in turn, may affect subsequent drug intake.
With regard to glutamatergic input to the regions under study, the VTA and SN receive inputs from the amygdala, hypothalamus and frontal and orbitofrontal cortical regions (Sesack and Pickel 1992; Vankova et al. 1992; Wallace et al. 1992) , whereas the SN also receives projections from the subthalamic nucleus (Berendse and Groenewegen 1990) . Glutamatergic afferents to the NAc and dorsal striatum are markedly different. Regions projecting to the NAc include the amygdala (McDonald 1991; Zahm and Brog 1992) , intermediodorsal, paraventricular and parataenial thalamic nuclei (Berendse et al. 1988; Berendse and Groenewegen 1990) , and mesocortical and allocortical regions (Gerfen 1984) . In the dorsal striatum, glutamatergic afferents arise from midline and intralaminar thalamic nuclei (Berendse et al. 1988; Berendse and Groenewegen 1990) and the sensorimotor, visual and auditory cortices (Gerfen 1984; Donoghue and Herkenham 1986; McGeorge and Faull 1989) . The prefrontal cortex (PFC) receives glutamatergic input from the intralaminar and mediodorsal thalamic nuclei (Krettek and Price 1977b; Divac et al. 1978a Divac et al. , 1978b and the amygdala (Krettek and Price 1977a; Divac et al. 1978b ).
The role of iGluR alterations in cocaine-induced behavioral sensitization is well documented; however, the effect of cocaine self-administration on alterations in the abundance of glutamate receptor subunits is less clear. The majority of studies evaluating the effects of cocaine on mRNA and protein expression have employed experimenteradministered cocaine and evaluated the effects following acute or chronic withdrawal. These studies have advanced understanding of the neurobiological basis of sensitization, learning and memory, but do not address the role of iGluR subunits in cocaine reinforcement inasmuch as several studies indicate pronounced biochemical differences between the contingent and non-contingent administration of drugs (Hemby et al. 1995 (Hemby et al. , 1996 (Hemby et al. , 1997a Mark et al. 1999; McFarland et al. 2003) . The present study was undertaken to evaluate changes in the abundance of iGluR subunit expression in mesocorticolimbic structures involved in cocaine reinforcement (VTA, NAc, PFC) following binge cocaine selfadministration and withdrawal from cocaine. Similar changes were evaluated in the nigrostriatal pathway (SN and dorsal striatum) as a measure of regional and pathway specificity.
Materials and methods

Animals
Male Sprague-Dawley rats (aged 60-90 days, 225-275 g; Charles River, Wilmington, MA, USA) were housed individually in operant conditioning cages in a temperature-controlled vivarium on a 12-h reversed light-dark cycle (lights on at 20.00 hours) with food and water available ad libitum throughout the experiment.
Intravenous catheterization
Rats were anesthetized with halothane and implanted with chronic indwelling venous catheters, as described previously (Hemby et al. 1995 (Hemby et al. , 1996 (Hemby et al. , 1997a . Catheters were inserted into the right jugular vein, terminating just outside the right atrium and anchored to muscle near the point of entry into the vein. The distal end of the catheter was guided subcutaneously to exit above the scapulae through a Teflon shoulder harness. The harness provided a point of attachment for a spring leash connected to a single-channel swivel at the opposing end. The catheter was threaded through the leash for attachment to the swivel where the fixed end of the swivel was connected to a syringe by polyethylene tubing. Infusions were administered by a motor-driven syringe pump controlled by a computer. Intravenous infusions of methohexital (100 L; 10 mg/kg) were administered to assess catheter patency, as needed. Health of the rats was monitored three times daily by the experimenter and biweekly by institutional veterinarians according to the guidelines issued by the Emory University Institutional Animal Care and Use Committee and the National Institutes of Health.
Self-administration procedures
Subjects were housed in standard operant conditioning chambers (24.5 × 23.5 × 21cm) containing a retractable lever and a stimulus light mounted directly above the lever. The chambers were enclosed in sound-attenuating boxes containing an exhaust fan, a house light, a tone source and a water bottle. A motor-driven syringe pump was located on the side of this external chamber. Extraneous noise was masked by the exhaust fan. Immediately after surgery, rats were placed in their respective chambers where they received infusions of heparinized 0.9% bacteriostatic saline (1.7 U/mL; 200 L per 30 min) for 48 h. On the following day, the self-administration procedure was initiated.
Rats were randomly divided into two groups: (binge access and withdrawal) and allowed to self-administer cocaine (0.5 mg/infusion; 200 L/infusion; 6.2 s/infusion) during an 8-h self-administration session (dark phase of the light cycle) under a fixed ratio (FR) 5, time-out 20 s schedule of reinforcement. Upon completion of the response requirement, a cocaine infusion was delivered and a 20-s time-out was in effect. Responding was initially maintained under an FR1 that was gradually increased to FR5. During the timeout, the lever light was extinguished, the house light illuminated, and a tone was generated. The end of the time-out was signaled by illumination of the lever light, and the house light and tone were extinguished. During the time-out, lever responses were recorded but had no scheduled consequence. IBM-compatible computers were used for session programming and data collection. Once attaining the terminal ratio of FR5, rats were given limited access (8 h/day, 7 days/week) for 14 consecutive days. On the 15th day, the self-administration session was changed to multiple 3-h access components separated by 1-h time outs as depicted in Table  1 .
Twenty-four sessions were looped such that the program began each day at the beginning of the dark cycle. After completion of the self-administration session on the 20th day, rats in the binge access group were killed. On days 21-34, rats in the withdrawal group remained in the self-administration chambers but did not have access to cocaine or related stimuli; they were killed on day 35.
Tissue preparation and western blot analysis
Rats were anesthetized with halothane and killed by intracardial perfusion with phosphatebuffered saline (pH 7.2). Brains were removed and sectioned on ice in the coronal plane using a brain matrix. Areas of interest were dissected immediately on ice-cooled aluminum plates from 1-mm slices (approximately + 3.2 to + 2.2, PFC; + 1.7-0.7, NAc; 0.48 to − 0.4, striatum; − 5.2 to − 6.2, SN/VTA; all measures relative to bregma) (Paxinos and Watson 1998) and immediately frozen at − 80°C in Eppendorf tubes.
The sample size for the binge, withdrawal and control groups for the NAc, PFC and striatum was n = 8 per region. Because of the size of the VTA and SN, two samples were pooled such that n = 4 for the withdrawal, binge and control groups for these regions. Tissue samples were homogenized in 10 mM HEPES, 10 mM NaCl, 1 mM KH 2 PO 4 , 5 mM NaHCO 3 , 1 mM CaCl 2 , 0.5 mM MgCl 2 , 5 mM EDTA and protease inhibitors (1 mM phenylmethylsulfonylfluoride, 10 mM benzamidine, 10 g/mL aprotinin, 10 g/mL leupeptin and 1 g/mL pepstatin) and centrifuged using a Beckman Coulter SW55Ti swinging bucket rotor at 5333 g for 5 min. Supernatant (cytosol and crude membrane) was removed and centrifuged at 59 255 g for 30 min at 4°C; the pure cytosolic supernatant was removed and stored at − 80°C. The pellet containing the crude plasma membrane was resuspended in 20 mM Tris-HCl, 1 mM EDTA (pH 8.0) and 300 mM sucrose with protease inhibitors and centrifuged at 5333 g for 5 min. This procedure was repeated twice and the pellet was resuspended in phosphate-buffered saline and stored at − 80°C (crude plasma membrane fraction). The pellet from the intial centrifugation was resuspended in 10 mM Tris (pH 7.5), 300 mM sucrose, 1 mM EDTA (pH 8.0), 0.1% NP40 and protease inhibitors, and centrifuged at 2370 g for 5 min at 4°C. The supernatant was discarded and the pellet was resuspended in the buffer and washed three times before resuspension in the buffer containing protease inhibitors. Samples were stored at − 80°C (nuclear fraction), as described previously (Tang et al. 2003 ; http://www.pmci.unimelb.edu.au/core_facilities/ manual/b080.asp).
Protein concentrations were calculated using the bicinochoninic acid protein assay kit (Pierce, Rockford, IL, USA) and diluted in Laemmli sample buffer to achieve the equivalent final protein concentrations. Five micrograms of protein was loaded on to 10% sodium dodecyl sulfate-polyacrylamide gels, electrophoresed and transferred to nitrocellulose by electroblotting (30 V, overnight at 4°C) in 1 × transfer buffer (Bio-Rad, Richmond, CA, USA). Nitrocellulose membranes were blocked in 0.5% w/v non-fat dry milk and 0.1% v/v Tween 20 in phosphate-buffered saline (pH 7.4, 0.12 M) for 1 h at 25°C before being incubated overnight at 4°C with primary antibodies in blocking buffer (Bio-Rad). Membranes were then incubated with secondary antibody for 1 h at room temperature. Protein bands were visualized on a Kodak (Rochester, NY, USA) XAR-5 film with enhanced chemiluminescence (ECL plus, Amersham Pharmacia Biotech, Piscataway, NJ, USA). Primary antibodies were as follows: mouse monoclonal antibodies directed against NR1 (Chemicon International, Temecula, CA, USA) and rabbit polyclonal antibodies directed against NR2A, NR2B, NR3A, NR3B, GluR1, GluR2/3, GluR4, GluR5, GluR6/7 and KA2 (Upstate Biotechnology Cell Signaling Systems, Waltham, MA, USA). Equal protein loading was confirmed by stripping the blots and re-probing them with a monoclonal -tubulin antibody (1 : 5000 v/v; Upstate Biotechnology Cell Signaling Systems) followed by incubation with secondary antibody and visualization as described above. No significant differences were detected in -tubulin abundance between the groups for any of the blots, indicating that any differences in ionotropic glutamate receptor abundance between the groups was not due in unequal loading of protein in the gels. Protein abundances were calculated by optical densitometry with a Scan Jet 2200C and imported into NIH Image 1.61 software for analysis. Film background was subtracted from the optical density values to give the optical density value for each subject. All assays were conducted under conditions in which densitometric signal intensity was linear with protein concentration as determined by preliminary experiments. Data were expressed as a percentage of control levels (mean ± SEM).
Data analysis
Self-administration data were analyzed by two-way ANOVA with repeated measures (time) with number of infusions as the dependent measure. Data for each iGluR subunit/region were normalized based on control levels and were analyzed using one-way ANOVA. Null hypotheses were rejected when p < 0.05.
Results
Behavioral data
Cocaine engendered and maintained rates of self-administration observed previously under limited access, FR schedules of reinforcement in rats (Hemby et al. 1996 (Hemby et al. , 1997a 1999) .
There was no statistically significant difference in the number of infusions, and likewise cocaine intake, between the two groups over the course of the experiment (F 1,377 = 0.401, p = 0.544) (Fig. 1) . The total number of infusions was 895.8 ± 101.7 for the binge group and 981.3 ± 232.9 for the withdrawal group. During the 15 days of limited access, rats in the binge group had 551.3 ± 60.9 infusions (275.7 ± 30.5 mg cocaine), whereas the withdrawal group had 621.7 ± 42.7 infusions (310.9 ± 21.4 mg cocaine). Similarly, during the 6 days of unlimited access, the binge group self-administered approximately 344.4 ± 48.3 infusions (172.2 ± 24.2 mg cocaine) and the withdrawal group self-administered 359.5 ± 48.0 infusions (179.8 ± 24.0 mg cocaine).
Regional comparison of iGluR subunit protein levels in controls
Analysis of the relative abundance of iGluR subunits across various brain regions was performed. Western blots of the iGluR subunits in each of the brain regions studied revealed single bands at the appropriate molecular weight (Fig. 2) . For the NMDA subunits, NR1 was most abundant in the hippocampus, followed by the PFC, the NAc and striatum (hippocampus > PFC > NAc, striatum > VTA, SN). There were no apparent differences in abundances of NR2A, NR2B, or NR3A between the hippocampus, PFC, NAc and striatum, whereas these subunits were in low abundance in the VTA and SN. Interestingly, the NR3B subunit appeared to be most abundant in the PFC and striatum followed by the hippocampus and NAc. Owing to the paucity of protein from the VTA and SN, NR3A and NR3B levels were not assessed. The abundances of GluR1, GluR2/3 and GluR4 were greater in the hippocampus and PFC than the NAc and striatum (hippocampus, PFC > NAc, striatum > VTA, SN). GluR5 protein levels appeared to be equally abundant in all regions tested. For the kainate receptor subunits, GluR6/7 was most abundant in the NAc, striatum and PFC followed by the hippocampus, then the SN and VTA. In contrast, KA2 was most abundant in the NAc, moderately abundant in the striatum, PFC and hippocampus, and least abundant in the VTA and SN.
Effects of cocaine self-administration history on iGluR subunit levels NR1-ANOVA revealed a significant effect of cocaine history on protein levels in the SN (F 2,16 = 9.785; p = 0.002) and striatum (F 2,22 = 11.217; p < 0.001). No significant differences were observed in the VTA, NAc or PFC. Post-hoc analyses revealed increased levels in the SN following binge access which returned to control levels following withdrawal, whereas levels in the striatum following binge access and withdrawal were both significantly greater than control levels (Fig. 3 ).
NR2B-There was a significant effect of cocaine history on NR2B levels in the striatum (F 2,22 = 12.996; p < 0.001) and PFC (F 2,18 = 11.881; p < 0.001). Similar to NR1, NR2B levels in the striatum were increased following binge access and withdrawal, both at levels significantly greater than control levels. In the PFC, levels were significantly greater following withdrawal than either control or binge access (Fig. 3) .
NR3A-ANOVA revealed a significant effect of cocaine history on protein levels in the striatum (F 2,22 = 12.169; p < 0.001) and PFC (F 3,26 = 3.928; p = 0.011). Owing to the relatively small amounts of protein available in the VTA and SN, NR3A levels were not assessed in these regions. In the striatum, binge access produced significantly greater levels than control conditions and withdrawal. In the PFC, protein levels were significantly reduced following withdrawal below levels observed in controls and binge access (Fig. 3) .
NR3B-Protein levels were significantly altered by cocaine in the striatum (F 2,23 = 101.821; p < 0.001). No changes were observed in the other brain regions. As noted for NR3A, levels were not assessed in the VTA or SN. Levels following binge access were significantly greater than levels in the withdrawal group which, in turn, were greater than control levels (Fig. 3 ).
GluR1-ANOVA revealed a significant effect of cocaine history on protein levels in the VTA (F 2,16 = 5.924; p = 0.014), SN (F 2,19 = 8.890; p = 0.002), striatum (F 2,22 = 42.004; p < 0.001) and PFC (F 2,20 = 4.431; p = 0.0270), but there was no significant difference in the NAc. In the VTA, GluR1 levels were significantly greater during withdrawal compared with binge access. In contrast, GluR1 levels in the SN were increased during binge access but returned to control levels during withdrawal. In the striatum, levels were significantly raised during withdrawal only (Fig. 4) .
GluR2/3-Protein levels were significantly altered in the VTA (F 2,11 = 5.494; p = 0.028), NAc (F 2,22 = 5.105; p = 0.016), striatum (F 2,22 = 38.918; p < 0.001) and pre-frontal cortex (F 2,20 = 6.953; p = 0.006), although no significant differences were observed in the SN. In the VTA, NAc and PFC, withdrawal produced significantly greater levels than binge access.
In the striatum and PFC, GluR2/3 levels following withdrawal were significantly more abundant than control levels (Figs 4 and 5) .
GluR4-ANOVA revealed significant effects of cocaine on GluR4 protein levels in the striatum (F 2,33 = 23.629; p = 0.007) and PFC (F 2,19 = 8.211; p = 0.003). There was no significant difference in the VTA, SN or NAc. Similar patterns of changes were observed in the striatum and PFC, with levels following withdrawal significantly increased above both control and binge levels (Fig. 4 ).
GluR5-There was a significant effect of cocaine history on GluR5 levels in the VTA (F 2,11 = 5.583; p = 0.027), SN (F 2,16 = 4.032; p = 0.041) and striatum (F 2,16 = 10.706; p = 0.002). No significant differences between the groups were observed in the NAc or PFC. In the VTA, levels were significantly decreased during binge access compared with control levels. In contrast, GluR5 levels in the SN increased during binge cocaine access and returned to control levels during withdrawal. In the PFC, levels were significantly increased during withdrawal above both control and binge levels (Fig. 6) .
GluR6/7-ANOVA revealed significant effects of cocaine on GluR6/7 protein levels in the VTA (F 2,11 = 20.731; p < 0.001), SN (F 2,20 = 4.232; p = 0.031) and striatum (F 2,22 = 23.934; p < 0.001). No significant differences were observed in the PFC or NAc, although there was a trend towards significance in the NAc (F 2,22 = 3.339; p = 0.056). In the VTA, protein levels were significantly decreased during binge access but returned to control levels following 2 weeks of withdrawal. In contrast, SN GluR6/7 levels increased following binge cocaine access and returned to control levels during withdrawal. In the striatum, GluR6/7 protein levels were increased above control and binge access levels following 2 weeks of withdrawal ( Fig. 6 ).
KA2
ANOVA revealed significant effects of cocaine on protein levels in the SN (F 2,20 = 11.357; p < 0.001) and striatum (F 2,22 = 42.004; p < 0.001). There were no significant differences in KA2 levels between the groups in the VTA, NAc or PFC. Levels were significantly increased in the SN during binge access and returned to control levels following withdrawal. In contrast, striatal KA2 protein levels were significantly increased during withdrawal but were not different from control levels following binge access (Fig. 6 ).
Discussion
In the present study, western blot analysis was used to examine the expression of iGluR protein subunits following binge cocaine self-administration and 2 weeks of withdrawal in the brain mesocorticolimbic and nigrostriatal dopamine pathways. Binge cocaine selfadministration and withdrawal induced changes in protein levels of iGluR subunits in a region-specific manner and were dependent upon the history of cocaine exposure. The present results provide the first composite assessment of iGluR subunit protein alterations in mesocorticolimbic brain regions associated with cocaine reinforcement (VTA, NAc, and PFC) compared with regions in the nigrostriatal pathway (SN and striatum).
Previous studies demonstrated that chronic cocaine administration induced biochemical and molecular changes that altered the functional integrity of neural pathways related to the reinforcing effects of cocaine. Alterations in glutamatergic function have been proposed as a potential mechanism of cocaine-related neuroadaptations. Glutamate transmission in the mesocorticolimbic circuit is involved in the development and expression of behavioral sensitization to cocaine (White et al. 1995; Bell and Kalivas 1996; Pierce et al. 1996; Li et al. 1997; Wolf 1998) , and the maintenance (Pulvirenti et al. 1992; Jackson et al. 1998 ) and reinstatement of cocaine self-administration in rats (Cornish et al. 1999; Cornish and Kalivas 2000; Park et al. 2002; McFarland et al. 2003) . Previous studies demonstrated that cocaine administration selectively increased extracellular glutamate concentrations in the VTA, NAc and PFC in rats (Pierce et al. 1996; Reid et al. 1997; Kalivas and Duffy 1998) , and resulted in increased responsivity of AMPA and NMDA receptor stimulation in the VTA (White et al. 1995; Zhang et al. 1997; Ungless et al. 2001) . Transient increases in AMPA and NMDA receptor expression have been proposed as one mechanism underlying hyperglutamatergia induced by cocaine (White et al. 1995; Zhang et al. 1997) . For example, protein levels of NR1, GluR1and GluR2/3 subunits in the VTA were increased by chronic cocaine administration (Fitzgerald et al. 1996; Churchill et al. 1999; Loftis and Janowsky 2000b; Lu et al. 2002) and returned to control levels during withdrawal (Churchill et al. 1999; Lu et al. 2002) . Previously, we demonstrated significant up-regulation of NR1, GluR2/3, GluR5 and KA2 protein levels in the VTA, but not SN, of cocaine overdose victims (Tang et al. 2003) , confirming that such a mechanism may exist in cocaine overdose in humans. The present study was undertaken in an attempt to recapitulate these changes and explore additional changes in an animal model of cocaine reinforcement.
NMDA receptor subunits
The present results confirm previous studies in which the NAc, striatum and PFC exhibited moderated to dense immunoreactivity for NR1 and NR2A/2B subunits (Petralia et al. 1994b (Petralia et al. , 1994c Fitzgerald et al. 1995 Fitzgerald et al. , 1996 , and moderate and low immunoreactivity in the VTA and SN respectively (Fitzgerald et al. 1996) . Previous studies have demonstrated the regulation of cocaine self-administration by NMDA receptor subunits. For example, intraaccumbens administration of the NMDA antagonist 2-amino-5-phos-phonovaleric acid (AP5) increased cocaine self-administration (Pulvirenti et al. 1992) whereas intraaccumbens administration of 1-aminocyclobutane-cis-1,3-dicarboxylic acid (cis-ACDA) decreased self-administration (Cornish et al. 1999) suggesting that NMDA receptor stimulation in the NAc may increase the reinforcing effects of cocaine. Previous studies have demonstrated increased NR1 protein levels in the VTA (Fitzgerald et al. 1996; Churchill et al. 1999) and NAc (Churchill et al. 1999) following chronic cocaine administration (experimenter administered) and withdrawal (Loftis and Janowsky 2000a; Lu et al. 2003 ). In the present study, no significant differences were observed in the VTA, NAc or PFC NR1 levels following binge cocaine self-administration, suggesting that differences between the studies may be due to the contingency of drug administration and/or the drug regimen. However, NR1 protein levels were increased following 6 days of binge cocaine access in the SN compared with control and withdrawal levels, and in the striatum following binge and withdrawal compared with control levels. Interestingly, increased levels returned to baseline following 2 weeks of withdrawal in the SN whereas levels remained raised following withdrawal in the striatum.
The involvement of other NMDA receptor subunits in cocaine-induced neuroadaptations has received less attention than that of NR1. In the present study, NR2B and NR3B levels were increased in the striatum following binge cocaine self-administration and remained raised above control levels after 2 weeks of withdrawal suggesting that these changes may represent long-term alterations in NMDA receptor function following cocaine exposure. In contrast, NR3A levels in the striatum were increased following binge cocaine access but returned to control levels following 2 weeks of withdrawal. In the PFC, withdrawal from cocaine increased NR2B above control and binge access levels, whereas withdrawal levels of NR3A were decreased compared with control and binge access levels. The presence of NR3A subunits, which must co-express with NR1 for membrane expression, leads to decreased Ca 2+ permeability through the NMDA receptor complex (Perez-Otano et al.
2001
). As increased Ca 2+ permeability is necessary for long-term synaptic changes, the present data suggest an increased opportunity for long term potentiation (LTP) to occur in PFC neurons. From a functional perspective, increased NR2B levels indicate a slow deactivation time (~400 ms) for the receptor complex which, when paired with decreased expression of NR3A, may yield an increase in Ca 2+ permeability and hyperexcitability of prefrontal function. NR1 subunits are required for the normal function of the NMDA ionophore. The subunit is phosphorylated by protein kinase A, protein kinase C and possibly by calcium/calmodulin dependent protein Kinase II (CamKII), which causes increased Ca 2+ influx through the activated receptor leading to the slow onset of the excitatory post-synaptic potential (EPSP). NR1 subunits may lead to enhanced Ca 2+ influx in dopamine neurons resulting in hyperexcitability of these cells. With no apparent change in NR1 protein levels, NR3A alterations may provide an alternative means by which to increase intracellular Ca 2+ levels without altering the number of receptors.
AMPA receptor subunits
GluR1, GluR2/3 and GluR4 subunits exhibited moderate to strong immunoreactivity in the NAc, striatum and PFC (Petralia and Wenthold 1992; Martin et al. 1993; Fitzgerald et al. 1995; Bernard et al. 1996; Bernard et al. 1997) , and low to moderate levels in the SN and VTA (Petralia and Wenthold 1992; Martin et al. 1993; Chen et al. 2001) . The effects of acute and chronic cocaine administration (experimenter administered) and withdrawal on GluR1 and GluR2/3 subunit levels in several brain regions have been examined previously. Chronic cocaine (7 or 14 days) increased GluR1 levels in the VTA, but not in the SN, NAc, striatum or PFC (Fitzgerald et al. 1996) and following 1 day but not 3 weeks of withdrawal (Churchill et al. 1999) ; however, others reported no significant alterations in GluR1 protein levels in the VTA following experimenter-administered cocaine (Lu et al. 2002) or withdrawal from self-administered cocaine (Lu et al. 2003) . In contrast to the aforementioned studies, GluR1 and GluR2/3 levels in the VTA were significantly increased during withdrawal compared with binge access. Similarly in the NAc, GluR2/3 levels were increased following withdrawal from cocaine compared with binge access, an effect also observed in human cocaine overdose victims (W. Tang, W. Freeman, D. C. Nash and S. E. Hemby, unpublished observations). Significant up-regulation of GluR2/3 and GluR4 in the PFC was observed following withdrawal compared with control and binge access levels. As noted in a previous study, the increases in NAc GluR2/3 levels may be transient as upregulation was observed 1 and 30 days after withdrawal from cocaine self-administration, but returned to control levels after 90 days (Lu et al. 2003) . Further studies are warranted to provide a detailed temporal profile of such changes. In contrast, no significant alterations in NAc GluR1 or GluR2/3 levels were observed following chronic experimenter-administered cocaine (Fitzgerald et al. 1996) , or 1 or 21 days of withdrawal from cocaine (Churchill et al. 1999 ). The most probable explanation for the differences between the present results and those of previous studies is the contingency of cocaine administration. Such differences are not surprising inasmuch as several studies have demonstrated significant differences in various biochemical measures between self-administered (contingent) and experimenteradministered (non-contingent) cocaine delivery (Wilson et al. 1994; Hemby et al. 1995 Hemby et al. , 1997a Hemby et al. , 1997b Hemby 1999) . The present results confirm previous findings of no change in GluR1 and GluR2 levels in the NAc during withdrawal from cocaine (Sutton et al. 2003) and increased GluR1 and GluR2/3 levels in the NAc following extinction training withdrawal (Sutton et al. 2003) .
In the nigrostriatal pathway, GluR1 levels in the SN were increased during binge access compared with control and withdrawal levels, whereas AMPA subunit levels in the striatum were increased during 2 weeks of withdrawal from cocaine compared with control and binge access levels. In addition, binge GluR2 levels in the striatum were significantly lower than control and withdrawal levels. Previous studies using experimenter-administered cocaine did not observe significant alterations in AMPA subunits in the nigrostriatal pathway following chronic cocaine or withdrawal (Fitzgerald et al. 1996; Churchill et al. 1999) , again suggesting the potential relative importance of contingent drug administration.
Kainate receptor subunits
In agreement with previous studies, GluR6 and KA2 exhibited similar moderate to strong immunoreactivity in the NAc, striatum and PFC (Petralia et al. 1994a; Fitzgerald et al. 1996) and light immunoreactivity in the SN and VTA (Fitzgerald et al. 1996) . GluR5 levels were moderate to strong in the PFC, as described previously (Toda et al. 2002) , and were similarly expressed in the NAc, striatum, VTA and SN. Interestingly, GluR5 levels were expressed at considerably higher levels in the rat compared with human VTA (Tang et al. 2003) . Unlike NMDA and AMPA receptor subunits, the physiological function of kainate receptors remains unclear; however, they appear to be important for controlling Ca 2+ influx through the kainate ionophore in different pathological states, such as cocaine addiction (Paschen and Djuricic 1994) .
In the present study, GluR5, GluR6/7 and KA2 receptor subunit levels were regulated in a region-specific manner. In the VTA, GluR5 and GluR6/7 immunoreactivities were decreased during binge access, whereas binge access increased GluR5, GluR6/7 and KA2 levels in the SN compared with withdrawal levels. Conversely, the kainate receptor subunits in the striatum were significantly up-regulated during withdrawal compared with control and binge access levels. Presently, there is a paucity of information on the regulation and function of kainate receptor subunits and even less on the role of these subunits in cocaine abuse and addiction. GluR5 mRNA and protein levels were found to be up-regulated in the PFC of rats following 3 weeks of withdrawal from chronic cocaine (Toda et al. 2002) and in the VTA of human cocaine overdose victims (Tang et al. 2003) . However, no changes in VTA or PFC GluR5 protein levels were identified in the present study. Probable reasons for such differences include the regimen and chronicity of administration, contingency of administration, and differences in glutamatergic innervation between species.
Summary
The present study demonstrated the regional and subunit-specific changes in iGluR protein expression following binge cocaine self-administration and withdrawal. Differences between the present data and previous rat studies require further investigation, including the evaluation of longer-duration cocaine self-administration histories, alternate bingewithdrawal conditions and further evaluation of potential differences in iGluR subunit distribution. Although additional studies are needed to establish causal relationships between changes in iGluR protein expression and function, these results provide a significant addition to the knowledge of altered glutamatergic function induced by chronic cocaine selfadministration and withdrawal. The study is unique in that it is the first to assess alterations in multiple iGluR subtypes in various brain regions following binge cocaine selfadministration and withdrawal. Such changes may be related to behaviors associated with withdrawal such as decreased locomotion, increased anxiety and behavioral sensitization and other enduring effects, and may be an important mechanism by which cocaine exerts long-term effects on the mesolimbic dopamine system. Mean ± SEM number of cocaine infusions and intake self-administered during limited and binge access periods for the two groups. Responding was engendered and maintained by intravenous cocaine infusions by both the binge ( ) and withdrawal ( ) groups. There was no significant difference in the number of infusions or intake between the two groups. The inset depicts mean ± SEM total number of infusions and intake for the experiments. Regional distribution of iGluR subunits in rat brain. Aliquots of 10 g membrane fraction combined from four control rats were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis and immunoblotting for NMDR1 (176 kDa), NMDR2A (170 kDa), NMDAR2B (180 kDa), NMDAR3A (130 kDa), NMDAR3B (98 kDa), GluR1 (110 kDa), GluR2/3 (110 kDaA), GluR4 (110 kDa), GluR5 (105 kDa), GluR6/7 (115 kDa), KA2 (123 kDa). STR, striatum; HIPP, hippocampus. Comparisons of NMDA receptor subunit protein levels in VTA, SN, NAc, striatum and PFC following binge cocaine access (black bars) and withdrawal (grey bars). Data are mean ± SEM percentage of values for control rats in each region. Data for each subunit were statistically evaluated using one-way ANOVA. See Table 2 for significant comparisons between groups. *p < 0.05 by post-hoc analysis. Schematics of mesolimbic and nigrostriatal pathways represent graphical depiction of changes for each subunit. Green filled, increased compared with control; red filled, decreased compared with control; green diagonal bands, increased relative to binge; red diagonal bands, decreased relative to binge. N/A, not available; grey filled, no change. Comparisons of AMPA receptor subunit protein levels in VTA, SN, NAc, striatum and PFC following binge cocaine access (black bars) and withdrawal (grey bars). Data are mean ± SEM percentage of values for control rats for each antibody. Data for each subunit were statistically evaluated using one-way ANOVA. See Table 2 for significant comparisons between groups. *p < 0.05 by post-hoc analysis. Schematics of mesolimbic and nigrostriatal pathways represent graphical depiction of changes for each subunit. Green filled, increased compared with control; red filled, decreased compared with control; green diagonal bands, increased relative to binge; red diagonal bands, decreased relative to binge. Representative immunoblot of GluR2/3 protein levels in the striatum following binge cocaine access and withdrawal. Note the decrease in protein levels following binge access and the increase in levels following withdrawal. Data were analyzed by quantitative densiotometry and were found to be statistically different from control levels. Refer to Fig.  4(b) for graphic representation. Comparisons of kainate receptor subunit protein levels in VTA, SN, NAc, striatum and PFC following binge cocaine access (black bars) and withdrawal (grey bars). Data are mean ± SEM percentage of values for control rats for each antibody. Data for each subunit were statistically evaluated using one-way ANOVA. See Table 2 for significant comparisons between groups. *p < 0.05 by post-hoc analysis. Schematics of mesolimbic and nigrostriatal pathways represent graphical depiction of changes for each subunit. Green filled, increased compared with control; red filled, decreased compared with control; green diagonal bands, increased relative to binge; red diagonal bands, decreased relative to binge. 3-h access self-admin TO 3 h access self-admin TO 3 h access self-admin TO 3 h access self-admin TO 3 h access self-admin TO 3 h access self-admin TO TO, time-out; self-admin, self-administration.
Table 2
Comparisons of ionotropic glutamate receptor immunoreactivity in brain regions following limited and binge cocaine self-administration and withdrawal 
